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Abstract: The Palai-Islica deposit (Almería, SE Spain) is an Au-Cu epithermal deposit hosted in
Neogene calc-alkaline andesites and dacites from the Cabo de Gata-Cartagena volcanic belt in
the Betic Cordillera. Major element compositions of apatite from Palai-Islica orebody and related
hydrothermally altered and unaltered volcanic rock from the region hosting the deposit were obtained
to clarify the processes involved in their formation. Apatite in the host volcanic rocks is rich
in chlorapatite and hydroxylapatite components (50–57% and 24–36%) and poor in fluorapatite
components (12–21%), indicating assimilation processes of cortical Cl-rich material in the magmatic
evolution. Apatite in the orebody sometimes has corrosion textures and is mostly fluorapatite
(94–100%). Apatite from the hydrothermally altered host rock of the orebody systematically bears
signs of corrosion and has variable and intermediate fluorapatite (19–100%), chlorapatite (1–50%),
and hydroxylapatite (0–47%) components. The style of zonation and the composition are related
to the proximity to the orebody. These features can be interpreted as the result of hydrothermal
modification of high Cl, OH-rich volcanic apatites into F-rich apatites. The enrichment of F is related
to the intensity of hydrothermal alteration and could therefore constitute a geochemical index of
alteration and of mineralization processes.
Keywords: apatite; epithermal deposits; hydrothermal alteration; mineral chemistry; Spain
1. Introduction
Apatite [Ca5(PO4)3(F,Cl,OH)] is the most abundant phosphate in the Earth’s crust
and appears in very different geological environments. It is a very common accessory
phase in igneous and metamorphic rocks. In sedimentary environments, it is the most
abundant mineral in phosphorites produced by biological activity, appearing occasionally
in detrital materials. Apatite is a highly interesting mineral for study due to the large
range of information that it can supply, including petrogenetic conditions by trace element
content, cooling ages by fission track, and chronometry of exhumation processes and
erosion rates using (U-Th)/He spectrometry. Apatite presents great chemical variability
regarding its anion content, with a wide range of solid solutions among the different end
members (e.g., [1,2]). This chemical variability can provide highly significant information
on the genetic conditions of the apatite. Nevertheless, it should be noted that, whereas
the composition of the apatite is well characterized in magmatic rocks (e.g., [1,3–15]),
and to a lower degree in hydrothermal apatites (e.g., [16–18]), or even as a provenance
indicator (e.g., [19]), there is very little information specifically on epithermal deposits
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(e.g., [20,21]). In this work, apatite from the epithermal deposit of Au-Cu of Palai-Islica
(Almería, SE of Spain) has been characterized texturally and chemically. The aim of this
study is to establish the chemical variability of apatite in a hydrothermal environment and,
especially, to investigate the use of major-element content as an indicator of the intensity of
the mineralization processes.
2. Geological and Mineralogical Features
The Cabo de Gata-Cartagena volcanic belt formed on top of the eastern end of the
Internal Zone of the Betic Cordillera, the western segment of Alpine orogeny. This Neogene
volcanic belt (ages ranging from 20.9 Ma to 6.2 Ma [22–24]), with calc-alkaline, potassic
calc-alkaline, shoshonitic, ultra potassic, and basaltic series [25], was formed during the
extension of a thickened lithosphere [23]. The calc-alkaline magmatism is much more volu-
minous than the other series and is the only one that hosts gold deposits: Rodalquilar [26],
Cabo de Gata [27,28], and Palai-Islica [29] (Figure 1).



















(upper  left) and of  the Palai‐Islica epithermal Au‐Cu volcanic‐hosted deposit  (bottom). Adapted 
from [25,30,31]. 
The Palai‐Islica deposit is located close to the town of Carboneras (Almería Province, 
Figure 1).  In  this area,  four volcanic units  (CB‐1, CB‐2, CB‐3, and CB‐4) have been de‐
scribed [32]. The CB‐1 unit is defined by lava flows and autobreccias of andesite compo‐
sition with pyroxene and amphibole. The CB‐2 unit is defined by pyroclastic amphibolic 
Figure 1. Simplified geological map of the Cabo de Gata–Cartagena volcanic province in SE of Spain (upper left) and of the
Palai-Islica epithermal Au-Cu volcanic-hosted deposit (bottom). Adapted from [25,30,31].
The Palai-Islica deposit is located close to the town of Carboneras (Almería Province,
Figure 1). In this area, four volcanic units (CB-1, CB-2, CB-3, and CB-4) have been de-
scribed [32]. The CB-1 unit is defined by lava flows and autobreccias of andesite compo-
sition with pyroxene and amphibole. The CB-2 unit is defined by pyroclastic amphibolic
dacite-andesites. The CB-3 unit shows the greatest thickness and extension. Finally, CB-4 is
the last volcanic episode of the zone, defined by a dome formed by andesites with pyrox-
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ene. The CB-1, CB-2, CB-3, and CB-4 units have K-Ar ages of 15.5–12.2 Ma, 10.7–10.9 Ma,
10.4 Ma, and 8.7 Ma, respectively [33].
The Palai-Islica deposit is hosted by andesite-dacite autobreccias with a domal struc-
ture from the CB-3 unit. These rocks are porphyritic with a high proportion of plagioclase
and hornblende phenocrysts and lesser clino- and orthopyroxene and quartz phenocrysts.
Biotite, apatite, magnetite, ilmenite, and zircon are also present in minor quantities [32].
These rocks are formed by multivent volcanic activity and developed in an intermediate-
acid volcanic event [32]. Contemporary to late volcanism, an important hydrothermal
system was developed in the zone associated with the mineralization.
The orebody consists of quartz veins with sulfides surrounded by andesite-dacites
with sericitic-chloritic and propylitic alteration (Figure 2), as well as minor massive sili-
cification with envelopes of argillic and advanced argillic alteration at the top of the
deposit [29,34].
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Figure 2. Hand-specimen samples from the Palai-Islica deposits containing some of the studied
apatite crystals. (A) Mineralized veins and veinlets of quartz with sulfides. (B) Volcanic rock with
sericitic-chloritic hydrothermal alteration mainly characterized by a transformation of phenocryst
and groundmass to chlorite, muscovite, and quartz. (C) Volcanic rock with propylitic hydrothermal
alteration characterized by a transformation of phenocryst and groundmass to chlorite, epidote,
carbonates, and quartz.
The ore mineralogy consists of pyrite with lower amounts of chalcopyrite, sphalerite,
and galena along with Au-Ag alloy, native gold, and a range of Ag sulfides and sulfosalts
as precious metal-bearing minerals [35–37]. The gangue consists mainly of quartz, mus-
covite, and chlorite, with lesser barite, gypsum, and dolomite [38]. Apatite crystals are
also found in small quantities in three different positions: within the orebody, within the
hydrothermally altered host rocks with sericitic-chloritic and propylitic alteration, and in
the unaltered host volcanic rocks (calc-alkaline andesite and dacite). Hydrothermal fluids
deduced from fluid inclusion studies show temperatures between 118 and 453 ◦C and
salinities ranging from 0.2 to 51.4 wt% NaCl eq. [29,39]. Isotopic constraints suggest a com-
plex origin and evolution of hydrothermal fluids, with the involvement of magmatic and
surface waters [39,40]. The deposit is an epithermal volcanic-hosted deposit in which high
and intermediate sulfidation environments coexists in the same hydrothermal deposit [39],
with the apatite only found in the latest one.
The most intense mineralization process took place in two subhorizontal levels, at
around +45 m above sea level (masl), termed the Upper Geochemical Anomaly (UGA), and
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–65 masl termed the Lower Geochemical Anomaly (LGA) and located in the intermediate
sulfidation system. Both mineralized levels are characterized by concentrations of Au–Ag
alloys and Ag-bearing phases, lithogeochemical positive anomalies in Au, Ag, Cu, and
other metals, and fluid inclusions with distinct characteristics, especially highly variable
salinity in a temperature range between 250–300 ◦C [29,35].
3. Textural and Chemical Characteristics of Apatite
Taking into account that apatite crystals are scarce, 14 samples, selected from around
250 samples from Palai-Islica deposit and surrounding area, have been studied. These
samples belong to four different locations: (a) unaltered CB-3 volcanic rocks that host the
orebody from the same unit far away from the deposit; (b) barren volcanic rocks from
different units in the region (CB-1, CB-2, and CB-4 units); (c) mineralized zones; and
(d) sericitic-chloritic and propylitic hydrothermal alteration. The apatite in the volcanic
rocks appears as idiomorphic crystals (around a hundred µm in size) always included in
maphic phenocrysts, such hornblende (Figure 3A).
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Figure 3. (A) Clean euhedral crystals of apatite (Ap) included in hornblende (Hb) in a calc-alkaline
andesite from the vicinity of the Palai-Islica deposit. (B) Porous and corroded apatite (Ap) crystal
inside a hornblende crystal replaced by chlorite (Chl) in a hydrothermally altered volcanic rock.
(C) Porous and corroded apatite (Ap) in a quartz (Qtz) vein with sulfides. (D) Euhedral crystal of
apatite without signs of corrosion in a quartz (Qtz) vein with sulfides.
In the hydrothermally altered volcanic rock, the apatite is also included in hornblende
phenocrysts (Figure 3B) which have been transformed into a mixture of chlorite ± mus-
covite ± quartz ± dolomite. This kind of apatite appears porous and shows signs of
corrosion (Figure 3B). The apatite in the orebody has been found as isolated crystals, with
or without signs of corrosion (Figure 3C,D).
Apatite crystals of the four kinds were analyzed with a CAMECA SX50 electron mi-
croprobe (“Centro de Instrumentación Científica”, University of Granada, Granada, Spain)
using natural and synthetic standards. The operating conditions were 20 kV accelerating
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potential, 20 nA beam current, and between 60 and 120 s X-ray peak and background
acquisition times. The acquired X-ray intensities were corrected for atomic number, mass-
absorption, and secondary fluorescence effects using the CAMECA-PAP version of the
Pouchou and Pichoir procedure [41]. The results of these analyses, summarized in Table 1,
indicate that there is significant variability in the apatite chemistry, mostly in halogen con-
tent. The compositions of apatite correspond to proportions of fluorapatite and chlorapatite
ranging from 12% to 100% and from 0 to 57%, respectively. The proportion of hydroxylap-
atite calculated from stoichiometry ranges from 0 to 47% (Figure 4A,B). It should be noted
that small quantities of Fe, Mg, and Mn have also been detected (Table 1).
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Figure 4. Cl-F-OH ternary diagram in mol units showing the chemistry of different types of apatite. (A) Apatites from
volcanic rocks of different units: CB-1, CB-2, CB-3 (including both apatites from fresh calc-alkaline volcanic rocks hosting
the mineralization and apatites from distal volcanic rocks), and CB-4. (B) Apatites from Palai-Islica deposit. CB-3 (host
rocks): apatites from fresh calc-alkaline volcanic rock (CB-3 unit) hosting the mineralization. Alteration: apatites fr m
hydrothermally altered volcanic rock. Orebody: apatites from quartz-ve s with sulfides in the orebody.
The apatite in the volcanic rocks (CB-3 unit) hosting the Palai-Islica deposit has
a relatively homogen ous composition, with the highest chlorap tite content (between
50% and 57%), the lowest fluorapatite content (between 12% and 21%), and intermediate
hy roxylapatite content (between 24% a d 36%) (Figure 4A). The concentration of Fe + Mg
+ Mn is the highest of all apatite analyzed (between 0.05 and 0.08 atoms per formula unit,
a.p.f.u., Figure 5). Apatite from CB-3 far away from the deposit shows a slightly distinctive
chemistry, shifted to more F-rich composition (Figure 4A).
Apatite in barren volcanic rocks from CB-1, CB-2, and CB-4 units, and distal vol-
canic rocks from CB-3, has a variable chlorapatite and fluorapatite composition (15–54%
and 16–60%, respectively). The hydroxylapatite content ranges between 14% and 33%
(Figure 4A).
The apatites from each unit show a distinctive composition. Thus, CB-3 shows the
highest content of chlorapatite, while the apatite from the CB-2 unit shows the lowest of
the volcanic samples.
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Table 1. Chemistry of apatite crystals normalized to 13 O, OH, Cl, F.
Volcanic Host Rocks (n = 9) Other Volcanic Rocks (n = 28) Hydrothermal Alteration (n = 80) Orebody (n = 21)
wt% Min Max Ave s.d. (1s) Min Max Ave s.d. (1s) Min Max Ave s.d. (1s) Min Max Ave s.d. (1s)
P2O5 41.44 42.87 41.90 0.46 41.11 42.73 42.23 0.35 40.20 43.28 42.24 0.58 40.08 41.89 41.00 0.57
FeO 0.39 0.63 0.51 0.08 0.43 1.28 0.78 0.23 0.00 0.53 0.15 0.12 0.00 0.12 0.04 0.04
MnO 0.09 0.16 0.12 0.02 0.04 0.15 0.10 0.03 0.00 0.13 0.06 0.03 0.00 0.12 0.05 0.03
MgO 0.12 0.20 0.15 0.03 0.08 0.33 0.18 0.07 0.00 0.42 0.03 0.06 0.00 0.05 0.00 0.01
SrO 0.00 0.09 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.17 0.04 0.04 0.00 0.08 0.02 0.02
CaO 53.77 54.49 54.14 0.22 52.64 54.60 53.86 0.40 52.69 56.46 55.26 0.76 53.59 55.81 54.97 0.55
F 0.46 0.78 0.62 0.09 0.61 2.24 1.38 0.52 0.71 4.35 2.93 0.78 3.46 4.62 4.27 0.25
Cl 3.47 4.02 3.69 0.19 1.03 3.79 2.63 0.86 0.08 3.51 0.59 0.63 0.00 0.18 0.07 0.06
Total 99.39 101.13 100.08 0.60 98.07 102.24 101.17 0.82 94.76 103.09 100.88 1.80 97.42 100.09 98.60 0.75
% fluorapatite 12 21 17 3 16 60 37 14 19 100 78 21 94 100 98 1
% chloroapatite 50 57 53 2 15 54 38 12 1 50 8 9 0 3 1 1
% hydroxylapatite 24 36 30 3 14 33 26 5 0 47 14 15 0 3 0 1
apfu
P 2.99 3.04 3.01 0.01 3.00 3.04 3.02 0.01 2.97 3.02 3.00 0.01 2.95 3.02 2.98 0.02
Fe2+ 0.03 0.04 0.04 0.01 0.03 0.09 0.05 0.02 0.00 0.04 0.01 0.01 0.00 0.01 0.00 0.00
Mn2+ 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Mg 0.01 0.02 0.02 0.00 0.01 0.04 0.02 0.01 0.00 0.05 0.00 0.01 0.00 0.01 0.00 0.00
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Ca 4.83 4.96 4.92 0.04 4.82 4.92 4.87 0.02 4.89 5.06 4.97 0.03 4.95 5.12 5.05 0.05
F 0.12 0.21 0.17 0.03 0.16 0.60 0.37 0.14 0.19 1.13 0.78 0.21 0.94 1.26 1.16 0.07
Cl 0.50 0.57 0.53 0.02 0.15 0.54 0.38 0.12 0.01 0.50 0.08 0.09 0.00 0.03 0.01 0.01
OH 0.24 0.36 0.30 0.03 0.14 0.33 0.26 0.05 0.00 0.47 0.14 0.15 0.00 0.03 0.00 0.07
n: number of analysis; Min: minimum; Max: maximum; Ave: average; s.d.: standard deviation. Volcanic host rocks: apatites from fresh calc-alkaline volcanic rocks (CB-3 unit) that host Palai-Islica deposit. Other
volcanic rocks: apatite from others volcanic units (CB-1, CB-2 and CB-4) and distal volcanic rocks from CB-3. Hydrothermal alteration: apatites from hydrothermally altered volcanic rock. Orebody: apatites from
the mineralisation.
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Apatite in the orebody has a relatively homogeneous composition, very different from
that of the volcanic apatite, being almost pure fluorapatite (between 94% and 100%) with
the lowest contents of chlorapatite (between 0 and 3%) and hydroxylapatite (between 0
and 3%) (Figure 4B). The concentration of Fe + Mg + Mn is always very low (between
0.00 and 0.01 a.p.f.u.) (Figure 5). This apatite shows the lowest values of Fe and Fe + Mg
+ Mn and the highest values of Ca (Figure 5A,B). It is noticeable that apatite can show
bimodal chemical zonation, with sharp boundaries between dark rims and light cores
in backscattered electron images (BSE; Figure 6A) that correlate with F-rich and F-poor
composition, respectively. It is also remarkable that apatite in the Au enriched horizons is
slightly richer in F (average difference of 0.07 a.p.f.u.).








rocks): apatites  from  fresh calc‐alkaline volcanic  rock  (CB‐3 unit) hosting  the mineralization. Alteration: apatites  from 
hydrothermally altered volcanic rock. Orebody: apatites from qu rtz‐veins with sulfides in the orebody. 
The apatit   in  the volca ic  rocks  (CB‐3 unit) hosting  the Palai‐Islica deposit has a 










Figure 5. Binary diagrams of Fe vs. Mn (A) and Ca vs. Fe + Mg + Mn (B) of different types of apatite from Palai-Islica
deposit. CB-3 (host rocks): apatites from fresh calc-alkaline volcanic rock (CB-3) hosting the mineralization. Alteration:
apatites from hydrothermally altered volcanic rock. Orebody: apatites from quartz-veins with sulfides in the orebody.
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Figure 6. Backscattered electron image (BSE) of zoned apatite belonging to the mineralized veins (A) and to the hydrothermal
alteration (B).
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Apatite in the hydrothermally altered volcanic rocks (sericitic-chloritic and propylitic
alteration) presents more variable compositions, with intermediate contents of fluorapatite
(between 19% and 100%, average of 78%) and hydroxylapatite (between 0 and 47%, av-
erage of 14%). The chlorapatite (between 1% and 50%, average of 8%) component is also
intermediate, although closer to the composition of apatite from the orebody (Figure 4B).
The concentrations of trace elements such as Fe, Mg, and Mn are variable (Figure 5). These
apatites show a zonation similar to that detected in the orebody, but also another one with
dark cores and light rims in BSE (Figure 6B). Table 2 shows the core-rim compositional
variations of individual apatite crystals, and a distinctive pattern could not be deduced.
Figure 7 shows the relationship between vertical distance with respect to the zone
of intense mineralization, using the case of the Lower Geochemical Anomaly, and the
chemistry of apatite from hydrothermal alteration. In this figure, the increase in F and
decrease in Cl (and less significantly a decrease in Fe + Mg + Mn, and OH), with the
proximity to LGA, is noticeable.



















near‐neutral hydrothermal  fluids  in  the propylitic  and  sericitc‐chloritic  alteration. The 
acidic fluids related to the formation of argillic and advanced argillic alteration dissolve 
apatite crystals. 
Figure 7. Diagrams showing the relationship between chemistry (F, Cl, Fe + Mg + Mn, and OH) of apatite crystals (diamonds)
from the hydrothermal alteration and depth (elevation in meter above sea level). Diagrams include a dashed line indicating
the position of the Lower Geochemical Anomaly (LGA). The arrow indicates the deduced trend in each diagram.
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Table 2. Core-rim compositional variations of individual crystals of apatites from the hydrothermally altered volcanic rocks. Positive values indicate higher values in the core than in
the rim.
















chloritic propylitic propylitic propylitic propylitic
sericitic-
chloritic
F −0.22 −0.19 0.05 0.15 −0.17 −0.03 0.05 0.05 0.42 0.35 −0.03 0.05 0.18
Cl 0.04 0.00 −0.05 −0.04 0.01 0.00 0.02 0.00 −0.03 −0.03 −0.01 0.03 −0.14
OH 0.18 0.19 0.00 −0.12 0.16 0.02 −0.07 −0.04 −0.38 −0.32 0.03 −0.08 −0.04
Fe + Mg + Mn 0.004 −0.007 0.015 −0.015 0.000 0.004 −0.003 0.000 −0.007 0.003 −0.005 −0.019 −0.017
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4. Discussion
4.1. Origin of Apatite
From their textural characteristics, it can be deduced that apatite grains in the zones
of hydrothermal alteration are inherited and not neoformed. Their chemistry suggests a
chemical interaction of apatite grains with hydrothermal fluids. Thus, apatite is the only
igneous phase, in addition to quartz and zircon, that is not destroyed by the action of the
near-neutral hydrothermal fluids in the propylitic and sericitc-chloritic alteration. The
acidic fluids related to the formation of argillic and advanced argillic alteration dissolve
apatite crystals.
The apatite from the orebody has crystals with high porosity and corrosion features
interpreted to be inherited from the volcanic rocks and mobilized by the hydrothermal
fluids, which altered the rock, but clean crystals are neoformed. Although it seems that
igneous apatite crystals were not completely dissolved, their composition was modified, as
has been shown by the mineral chemical data.
4.2. Chemistry of Apatite Crystals and Their Evolution
The volcanic apatite from the Palai-Islica host rocks is rich in chlorapatite and hydrox-
ylapatite components, with very low F content. This is surprising since magmatic apatite
from other volcanic rocks in the area show more Cl and less F content than Palai-Islica host
rocks. Even rocks from the same volcanic unit as the host rocks (CB-3), but outcropping
several kilometers farther from the deposit, show slightly less Cl and more F content
than host rocks (Figure 4A). Moreover, according to the literature, magmatic crystals are
typically F-rich, Cl-poor (e.g., [11,42–44]). In apatites of granitoids from different localities,
for example, Banks [3] found a maximum of 1.6 wt% of Cl, Teepper and Kuehner [9]
found values that did not exceed 0.05 wt%, and Sha and Chappel [8] found a maximum of
0.7 wt% of Cl, which is very low compared with the range 3.47–4.02 wt% found in apatites
in volcanic rocks that host the Palai-Islica deposit. Only in basic, less-fractionated rocks
have high proportions of chlorapatite (up to 6.0 wt% of Cl in ultrabasic rocks [5]) been
found. In addition, Piccoli and Candela [11], in a compilation of almost 1000 analyses in
different types of magmatic apatite, found only one apatite belonging to felsic-intermediate
rocks having a composition of Cl similar to the apatite of volcanic rocks related to the
Palai-Islica deposit.
The Cl/F ratio of magmatic apatite is controlled by the differentiation processes
(e.g., [4]), the formation of exsolved fluids (e.g., [45]), and the abundance of these elements
in the magma source. The first two processes increase the F content in the apatite; therefore,
the high Cl content of volcanic apatite from Cabo de Gata volcanism could be originated by
the assimilation of Cl-bearing continental material by the magmas. These materials could
be Triassic evaporites from the Betic Cordillera basement [30]. Moreover, enriched sulfur
isotopic values for volcanic rocks in the Cabo de Gata–Cartagena belt (up to +7.3‰ [26])
and the enriched sulfur signature of different epithermal deposits with magmatic derived
sulfur [26,40,46]) also suggest the incorporation in the magma of evaporites due to assimi-
lation or contamination of the magmatic source. Geochemical and petrological studies of
volcanic rocks of Cabo de Gata (e.g., [23,32]) also suggest assimilation processes. Further-
more, the local incorporation of these sulfur-bearing evaporites to the magma could be
related to its potential fertility to produce sulfide-bearing ore deposits.
The apatites from the sericitic-chloritic and propylitic alteration, and, more so, those
from the orebody, are rich in F. Other studies [47] that analyze both magmatic and hy-
drothermal related apatites do not show a fluorine enrichment in hydrothermal phases in
respect to primary apatite, but just the opposite. Nevertheless, this fact occurs in different
geological contexts in respect to the precious metal epithermal volcanic-hosted deposit of
Palai-Islica, like REE-phosphate mineralization [47] or in a U volcanic-hosted hydrothermal
deposit [48].
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In the Palai-Islica deposit, the original volcanic apatite reacted with the hydrothermal
fluids (in part, magmatic derived [29,39] and potentially F-bearing [49]), driving its com-
position to higher F content (and lower Cl, OH, and Fe + Mg + Mn contents). Since the
ore-fluids and the fluids that produce the hydrothermal alteration are, essentially, the same
fluids with complex and evolving physico-chemical characteristics, these modifications of
the composition of apatite from hydrothermal alteration are directly related to the intensity
of the alteration, that is, the fluid/rock ratios and the thermodynamic constrains. The
chemistry of apatite from the hydrothermal alteration also suggests that the transformation
of the original magmatic apatite favored the loss of Cl more than the loss of OH (Figure 4B).
These processes are more intense in the apatites from the orebody, and from the hy-
drothermal alteration near the Au-bearing horizons, with the formation, via transformation
or direct crystallization, of apatite with a constant composition, with high F and very low
Cl content, presumably buffered by the chemistry of the hydrothermal fluids.
The hydrothermal fluids are quite rich in Cl, as deduced from the fluid inclusions
study (salinity is usually below 10% eq. NaCl, but can go up to 51.4% eq. NaCl, [29,39]),
suggesting that the apatite/fluid partitioning coefficient at epithermal conditions must be
very high for the case of F and, in comparison, very low for the case of Cl. Moreover, this
has been experimentally demonstrated with apatite-fluid experiments at the 400–700 ◦C
range [50]. Thus, fluorine partition coefficients of the apatite-fluid system are two orders
of magnitude higher than apatite-melt in a magmatic system (higher coefficient at lowest
experimental temperatures 400 ◦C). However, in the case of chlorine, this element shows
a similar partition behavior in fluid and melt systems [50]. In this case, the zonation of
apatite crystals in the orebody may be due to an extreme reaction and leaching of apatite,
producing the lowest values of both Cl and OH.
Nevertheless, this behavior is only applicable in a near-neutral system. In strong
acidic conditions, such as those associated with argillic and advanced argillic alteration,
apatite was totally dissolved, not allowing apatite neoformation.
5. Conclusions
Apatite is a magmatic mineral, stable at a wide range of conditions, which typically
does not disappear as a result of the action of near-neutral hydrothermal alteration. It
has been shown to undergo significant modifications of its major-element composition
through reactions with hydrothermal fluids, resulting in the production of F-rich apatites.
This enrichment of F is related to the intensity of hydrothermal alteration and could thus
constitute a geochemical index of alteration and geochemical exploration, the maximum F
content in apatite coming from the orebody. This has been demonstrated by the case of
the Palai-Islica deposit, where local anomalous Cl-rich volcanic apatites transformed into
other F-rich apatites, almost without Cl, have been found.
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